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The carbon isotopic composition of individual plant leaf waxes (a
proxy for C3 vs. C4 vegetation) in a marine sediment core collected
from beneath the plume of Sahara-derived dust in northwest
Africareveals three periods during the past 192,000 years when the
central Sahara/Sahel contained Cs plants (likely trees), indicating
substantially wetter conditions than at present. Our data suggest
that variability in the strength of Atlantic meridional overturning
circulation (AMOC) is a main control on vegetation distribution in
central North Africa, and we note expansions of Cz vegetation
during the African Humid Period (early Holocene) and within
Marine Isotope Stage (MIS) 3 (=~50-45 ka) and MIS 5 (=120-110
ka). The wet periods within MIS 3 and 5 coincide with major human
migration events out of sub-Saharan Africa. Our results thus
suggest that changes in AMOC influenced North African climate
and, at times, contributed to amenable conditions in the central
Sahara/Sahel, allowing humans to cross this otherwise inhospita-
ble region.
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he Sahara desert is known to have undergone major, and

possibly abrupt, hydrological fluctuations and was vegetated
at times in the past (1, 2). During a wet phase in the Early
Holocene known as the African Humid Period (AHP), the
region currently occupied by the Sahara desert was vegetated,
contained forests, grasslands, and permanent lakes, and was
occupied by human populations (2). When the AHP ended at
~5.5 ka, the Sahara was transformed into a hyperarid desert (1).
On orbital time scales, the large hydrological fluctuations in
North Africa are linked to changes in the African monsoon,
which is related to precession-forced variability in low-latitude
summer insolation (1, 3). The abrupt transitions between humid
and arid conditions observed in marine and terrestrial paleocli-
mate records from North Africa, however, cannot be explained
solely by gradual orbital forcing (1); thus, other nonlinear
feedback processes are required to explain the abrupt climate
responses to orbital forcing. Vegetation and sea surface tem-
peratures (SSTs) are two parameters that have often been cited
as factors contributing to abrupt climate change in North Africa
(3, 4). However, relatively little information exists regarding the
type and extent of past vegetation in the Sahara/Sahel region,
and at present, there are no paleoclimate records from below the
summer dust plume (located between 0°N and 12°N and west of
10°W). Such records are critical for reconstructing past envi-
ronmental conditions in North Africa, validating climate models,
and assessing feedbacks between vegetation, orbital forcing,
SSTs, and precipitation. Furthermore, human migration events
have often been linked to climatic change (5), and the dynamic
shifts that occurred in continental Africa between desert, grass-
land, and woodland environments likely have influenced homi-
nin and faunal migration patterns.

Past Vegetation Shifts in the Central Sahara/Sahel Region

To better understand past vegetation changes in the Sahara/
Sahel region, we studied marine sediment core GeoB9528-3
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(09°09.96'N, 17°39.81'W; 3,057-m water depth) retrieved from
the Guinea Plateau Margin, spanning the last 192 ka (SI Text and
Fig. S1). This site receives dust from central North Africa near
the boundary of the Sahara with the Sahel (Fig. 1 and SI Text),
which is transported westward by the African Easterly Jet (AEJ),
and thus serves as an excellent recorder of past vegetation
changes in the central Sahara/Sahel region. We measured the
carbon isotopic composition (8'3C) of long-chain n-alkanes with
29 (Cy9) and 31 (Cs;) carbon atoms (the two most abundant
homologues) derived from plant leaf waxes, which are preserved
in marine sediments and provide information on the relative
contribution from C; and C4 plants. The C; photosynthetic
pathway is the most common and is used by nearly all trees,
cool-season grasses, and cool-season sedges, whereas C4 photo-
synthesis is used by warm-season grasses and sedges. African
vegetation consists primarily of C4 grasses and Cs shrubs and
trees (6, 7). In tropical Africa, aridity is recognized as the
dominant control on the large-scale distribution of C; versus Cq4
vegetation on longer time scales (4). C4 plants are enriched in
813C compared with Cj; plants; thus, past changes in African
continental hydrology can be inferred from the n-alkane §'3C
record (4). Our record shows substantial changes of >5%o in
both §3Cy9 and §'3Cs; over the last 192 kyr, suggesting large-
scale changes in vegetation (Fig. 2). The §'3C of n-alkanes can
be used to estimate the percentage of C4 vegetation contribution
to each n-alkane based on binary mixing models that assume Cyo
end-member values of —34.7%o (—35.2%o for Cs1) and —21.4%o
(—21.7%o for Cs,) for C; and C, vegetation, respectively (see S/
Text and Tables S1 and S2). We note, however, that there is likely
a considerable error associated with the absolute %C, estimates
(maximum error estimated at = 20%; see SI Text) because of
uncertainty in the end-member values. Nevertheless, these un-
certainties do not affect interpretation of the general trends
where relatively enriched (depleted) n-alkane §'3C values indi-
cate increased (decreased) inputs from C, plants. Thus, the
overall trends in the n-alkane 5'°C records provide important
information on past vegetation shifts in central North Africa.
Plant leaf waxes (n-alkanes) can be transported to marine
sediments by wind or water; however, fluvial transport is not
likely at site GeoB9528-3 because the coring site is located
offshore with no major rivers close by (SI Text). No major
latitudinal shift of the wind belts occurred between the Last
Glacial Maximum (LGM) and the present (8); although wind
strength varied in the past (8, 9), the direction of the AEJ
remained constant (9) as did the geologic source terrane for
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Fig. 1. Location of gravity core GeoB9528-3 offshore Guinea and modern vegetation zones of Northwest Africa (34). From north to south the main vegetation
zones are Mediterranean (MED) (C3 dominated), Mediterranean-Saharan transitional (MST) (mixed Cz and C4 plants), Sahara desert (C4 dominated), Sahel-grass
savanna (mixed Cz and C4 plants), and tropical rainforest (C3 dominated). Three main wind systems influence the region of Northwest Africa, the Northeast trade
winds (NETW), the Southeast trade winds (SETW), and the AEJ (also known as the Saharan Air Layer), and transport dust and plant leaf waxes from the African
continent to the Atlantic. The NETW and the SETW converge at the Intertropical Convergence Zone (ITCZ; the meteorological equator). (A) During Northern
Hemisphere summer, when the ITCZ is located at its most northerly position (surface expression at ~20°N), the SETW are strongest and dust sourced in the Sahara
and the Sahel is raised by easterly winds into the midaltitude flow (=3 km) of the AEJ and transported beyond the continental margin between 10°N and 25°N.
The AEJ is strongest during Northern Hemisphere summer when it is located at 10-12°N (36). (B) In Northern Hemisphere winter, the ITCZ migrates southwards
(=5°N) and the NETW are dominant. The AEJ is weaker in Northern Hemisphere winter and is located at ~0-5°N (36). At this time, dust in the southern Sahara
(the alluvial plains of Niger, Chad, and Faya Largeau) is uplifted by the low-altitude (500-1,500 m) NETW and deposited along wide areas off Africa between
2°N and 15°N (11), with the main axis of the dust plume located at ~5°N. The Gulf of Guinea receives material sourced in the southern Sahara during Northern

Hemisphere winter, which is transported over long distances and deposited offshore.

terrigenous sediments to Northwest Africa (10). Thus, the
direction of the AEJ likely remained constant during previous
glacial and interglacial periods and the n-alkane record of
GeoB9528-3 provides a continuous vegetation record of the
Sahara/Sahel region. Furthermore, we note that the uppermost
sample of GeoB9528-3 (=7 ka) has a §'3Cyg value of —27.6%o,
which is in good agreement with surface sediments collected
offshore Northwest Africa from 9-12°N latitude, which have
813Cy9 values of —27%o to —27.5%0 and are thought to be
derived from dust from the Sahel/Sahara region (11).

During the past 200 ka, the n-alkane 8'3C records of
GeoB9528-3 indicate great variability with a contribution of
39-78% C, plants to the Cyy n-alkane and a contribution of 54-
99% C, plants to the Cs; n-alkane (Fig. 2). Our data show that
for the majority of the past 192 ka, central North Africa was
dominated by C4 vegetation, indicating arid conditions similar to
or even more severe than at present (Fig. 2). However, several
pronounced periods of increased contributions of C; vegetation
are observed in the early Holocene, within Marine Isotope Stage
(MIS) 3 (=50-45 ka) and during MIS 5 (=120-110 ka). The
expansion of C; plants during the early Holocene coincides with
the African Humid Period (AHP) when the Sahara was vege-
tated (1, 2), supporting the idea that our record reflects vege-
tation in the Sahara/Sahel region. Remarkably, two intervals
within MIS 5 and MIS 3 are characterized by even greater
contributions of Cs vegetation compared with the AHP. The
distribution of C3 and Cy4 vegetation in tropical Africa strongly
depends on precipitation (4). Thus, the episodic expansions of C;
vegetation in our record likely reflect wetter conditions in the
Sahel/Sahara region, whereas dominance of Cy plants, indicated
by enriched n-alkane §'3C values, reflect arid conditions such as
those of the present day. Although wet conditions during MIS 3
are not captured by grain size records from offshore Mauritania
(12), this site is not situated directly under the path of the AEJ
and likely does not capture the climate signal from further
inland. In contrast, GeoB9528-3 is situated underneath the AEJ,
and our n-alkane record also is a direct indicator of continental
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vegetation. Higher C,4 contributions are noted throughout much
of MIS 6 and during MIS 4, and at these times cooler U%,-based
SSTs are observed (Fig. 2), consistent with previous studies of
tropical Africa that found increased abundances of C, vegeta-
tion, and thus arid conditions, at times when cool SSTs were
present in the tropical Atlantic (4). In comparison with the AHP,
conditions were relatively more arid during the LGM, but LGM
aridity was not nearly as severe as conditions during MIS 6 and
MIS 4 (Fig. 2).

Causal Mechanisms for Vegetation Change and Hydrological
Variability in Central North Africa

Several mechanisms can be invoked to explain the apparent
episodic expansion (contraction) of Cs (Cs) vegetation in the
Sahara/Sahel region. Numerous studies have documented the
influence of orbital forcing on North African climate and humid
conditions during the AHP and MIS 5, which coincide with
periods of maximum northern low-latitude summer insolation
(1, 12, 13). However, the likely wettest intervals of our n-alkane
813C records, at ~120-110 and 50-45 ka, both coincide with
relatively low values of summer insolation (14) and it is only
during the AHP that maximum summer insolation and wet
conditions are observed (Fig. 2).

For shorter, millennial-scale climate changes, several recent
studies have shown that a reduction in the strength of Atlantic
meridional overturning circulation (AMOC), which transports
warm upper waters to the north and returns cold, deep water to
the south) may trigger arid events in North Africa (12, 15). This
process may also play a role in the observed longer-term
vegetation changes. The proposed mechanism by which changes
in AMOC control hydrological conditions in North Africa is
related to the position of the monsoonal rain belt over the
African continent. Weakening of AMOC, which can be triggered
by freshwater input from the high latitudes (16, 17), leads to
reduced deep-water formation rates in the North Atlantic (19).
AMOC weakening also causes SST cooling in the North Atlantic
region (16, 17) and is accompanied by a strengthening of the
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Fig. 2. Geochemical records from GeoB9528-3. In traces c-e, the thick line represents the smoothed data (five-point running mean). In traces a, b, and d, the
error bars represent the standard deviation of replicate analyses. All isotope data are reported in standard delta notation (%0) against the VPDB standard. The
black bars at the top of the graph indicate documented human migrations out of Africa (23, 24). The vertical dashed lines indicate periods of major extinctions
and turnovers of hominin populations at ~75 and ~45 ka (34). Wet intervals during the AHP, within MIS 3 and during MIS 5 are indicated by green shading. Arid
intervals during MIS 6 and MIS 4 are indicated by yellow shading. The bar at the bottom indicates MIS 1-7. Trace a shows carbon isotope (§'3C) values of the Cy9
n-alkane. On the right side of the graph, the estimated %Cy4 plants is shown for the C9 n-alkane, based on a binary mixing model assuming end-member values
of —34.7%0 and —21.4%o for C3 and C4 vegetation, respectively. On the left side of the graph, §'3C values of Co9 n-alkanes in surface sediments collected in the
vicinity of GeoB9528-3 are shown. The red circle represents a §'3C value of —27.5%o for site GIK16757-1 (8°58.60 N, 16°56.48 W) and the red triangle represents
a 8'3C value of —27%o found at sites GIK16405-1 (12°25.37 N, 21°25.37 W) and GIK16408-2 (9°47.88 N, 21° 27.24W) (11). Trace b shows 8'3C values of the Cz;
n-alkane. On the right side of the graph, the estimated %C,4 plants is shown for the C31 n-alkane, based on a binary mixing model assuming end-member values
of —35.2%0and —21.7%o0 C3 and C4 vegetation, respectively. Trace c shows the 8'3C of the benthic foraminifer C. wuellerstorfi. The precision of these measurements
is = 0.05%o based on replicates of an internal limestone standard. Trace d shows alkenone (U%;) SST reconstruction for GeoB9528-3 (see S/ Text for methods). Trace
e shows the 8'80 of the benthic foraminifer C. wuellerstorfi. The precision of these measurements is = 0.07%o based on replicates of an internal limestone
standard. Trace f shows June insolation at 10°N (14).

northeast trade winds (15, 17). Intensified trade winds, in  strength of AMOC and deep-water ventilation (18, 20).
combination with advection of cold air from the high latitudes, = Throughout the past 200 ka, a remarkably close correlation is
causes a southward shift of the North African monsoonal rain observed between 8'3Cpenmic and the n-alkane §'3C records (Fig.
belt (15, 17), leading to drying in North Africa. It is hypothesized 2, SI Text, and Fig. S2), indicating a strong connection between
that intensification of the AEJ occurs in conjunction with a  variability in AMOC strength and vegetation type in the Sahara/
southward shift of the monsoonal rain belt, driven by the  Sahel region. More enriched §3Cpenmic values, suggesting in-
meridional temperature gradient between the Sahel and the cool ~ creased AMOC strength and a relatively stronger influence of
Guinea coast, resulting in increased moisture transport from the ~ North Atlantic deep water (NADW) at the study location,
African continent (15). correlate with expansions of C; vegetation, whereas more de-

We examined the impact of AMOC on the distribution of C3  pleted 83 Cpenmic values, suggesting a relatively weaker AMOC,
and C,4 vegetation in the Sahara/Sahel region by comparing the  correlate with expansions of C, vegetation (Fig. 2). Links
n-alkane 8'3C records to the 8§3C of the benthic foraminifer — between the strength of AMOC and millennial scale arid events
Cibicidoides wuellerstorfi, hereafter referred to as 8 Cpenthic- have been observed in a sedimentary record from offshore
Although 3C is a nutrient proxy, it is known that §'3C minima  Mauritania (12), whereas slowdowns of AMOC are observed to
coincide with reductions in AMOC strength in the deep North  trigger droughts in the Sahel during Heinrich events (15, 21).
Atlantic (19) and thus 8" Cpenthic primarily is a measure of the  Interestingly, our data suggest that the strength of AMOC is a
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dominant influence on hydrological conditions in the Sahara/
Sahel over longer time scales (Fig. 2). Maximum NADW for-
mation is observed during stage 5d (20), which supports a link
between overturning circulation and vegetation type in the
Sahara/Sahel region, and may also explain why the greatest
inputs of C; vegetation do not coincide with summer insolation
maxima.

Wet Conditions in the Central Sahara/Sahel and Hominin
Migrations Out of Africa

The influence of AMOC on vegetation type in North Africa is
of particular interest because this region may have played a key
role in the dispersal of anatomically modern humans, which
originated in sub-Saharan Africa at ~195 ka (22), into Europe
and Southwest Asia (23). A major dispersal period occurred
between 130 and 100 ka (23, 24), which coincides with a major
expansion of C; vegetation from ~120-110 ka (Fig. 2), and thus
wetter conditions in the Sahara region, supporting the hypothesis
that the Sahara could have provided a dispersal route out of
Africa (24). Our interpretation is supported by other paleocli-
mate evidence and climate models suggesting a significant
expansion of wetter conditions in the Sahara from 130 to 120 ka
(24-28). When the S5 sapropel was deposited in the Mediter-
ranean Sea (~124-119 ka), fossil rivers in the Libyan and Chad
basins of North Africa were active and provided northward
drainage routes for precipitation delivered to central Saharan
mountain ranges (28). In addition, recent evidence suggests that
an uninterrupted freshwater corridor existed from the central
Sahara to the Mediterranean from 130 to 117 ka (24).

The most depleted n-alkane 8'*Cvalues of the entire record
are noted within MIS 3, from ~50-45 ka (Fig. 2), suggesting a
major expansion of Cs plants. Interestingly, this interval coin-
cides with a second major dispersal period of hominins out of
Africa, dated to ~60-40 ka, mainly based on studies of mtDNA
(23, 29, 30). Additionally, mtDNA evidence suggests that a back
migration into Africa from southwestern Asia occurred at
~45-40 ka, and it is thought that this event resulted from a
climatic change that allowed humans to enter the Levant (31).
Thus, as with the first out of Africa migration during MIS 5, our
data suggest that a second period of hominin migration at
~60-40 ka may have been facilitated by amenable climate
conditions in the central Sahara. This interpretation is supported
by paleoclimate evidence suggesting that groundwater recharge
occurred in the northern Sahara during MIS 3 (32) while a Ba/Ca
record from the Gulf of Guinea displays increased values at ~55
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ka, suggesting less saline surface waters (33). Furthermore, in the
Eastern Mediterranean Levant region there is evidence for
extinctions and turnovers of hominin populations at ~75 and
~45 ka, and these events are hypothesized to be caused by shifts
to cooler and more arid conditions (34). The n-alkane 8'*C
records indeed provide strong evidence for shifts to relatively
more arid conditions, indicated by expansions of C4 vegetation,
initiating at ~75 and ~45 ka, suggesting that similar climate
patterns prevailed in both the central Sahara and the Levant
regions.

Overall, our results show that variability in the strength of
AMOC played a key role in the evolution of climatic conditions
in central North Africa during the last 200 ka. Amenable
conditions in the central Sahara that were capable of supporting
Cs vegetation existed only during discrete and relatively brief
time intervals when enhanced AMOC may have triggered
vegetation change, thereby playing a crucial role in driving
hominin migrations.

Materials and Methods

Core GeoB9528-3 was sampled at 5-cm intervals for molecular isotopic anal-
yses. Freeze-dried sediment samples were extracted with a DIONEX Acceler-
ated Solvent Extractor (ASE 200) using a solvent mixture of 9:1 dichlorometh-
ane (DCM) to methanol (MeOH). After extraction, a known amount of the
internal standard squalane was added and the extract was separated into
apolar, ketone, and polar fractions via alumina pipette column chromatog-
raphy using solvent mixtures of 9:1 (vol/vol) hexane/DCM, 1:1 (vol/vol) hexane/
DCM, and 1:1 (vol:vol) DCM/MeOH, respectively. Compound-specific §'3C
analyses were performed on the aliphatic fraction with an Agilent 6800 GC
coupled to a ThermoFisher Delta V isotope ratio monitoring mass spectrom-
eter. Isotope values were measured against calibrated external reference gas.
The 8'3C values for individual compounds are reported in the standard delta
notation against the Vienna Pee Dee Belemnite (VPDB) standard. A total of 81
of the 193 samples analyzed were run in duplicate or triplicate with a repro-
ducibility of on average 0.24%o for the Cy9 n-alkane and 0.18%o for the Cs;
n-alkane. The average reproducibility of the squalane internal standard was
0.15%0 (n = 288). Methods describing the §'80 and §'3C analyses of C. wuel-
lerstorfi can be found in ref. 15, and methods describing the U%; SST analyses
can be found in S/ Text.
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